We have previously shown that accumulation of ceramide, triggered by hydrogen peroxide (H 2 O 2 ), induces apoptosis of human airway epithelial (HAE) cells. Under oxidant exposure, a lung sphingomyelinase (SMase) is activated and displays continued ceramide generation and proapoptotic signaling, thus leading to the pathological apoptosis that causes lung injury. In a search for a specific SMase that is modulated by oxidative stress, we recently cloned nSMase2 from monkey lung tissue and HAE cells. Here, we show that this nSMase2 is up-regulated by an oxidant (H 2 O 2 ) and is inhibited by an antioxidant (glutathione (GSH)). Moreover, nSMase2 subcellular localization is governed by oxidant exposure, which leads to its preferential trafficking to the plasma membrane, where it generates ceramide and induces apoptosis. On the other hand, exposure to GSH results in nSMase2 trafficking to the nucleus, where it neither generates ceramide nor induces apoptosis.
CoA transferase and ceramide synthase or from membrane sphingomyelin breakdown by sphingomyelinases (SMases). Sphingomyelin (N-acylsphingosin-1-phosphocholine) is a phospholipid preferentially concentrated in the plasma membrane of mammalian cells [16] . Sphingomyelin catabolism occurs via the action of sphingomyelin-specific forms of phospholipase C termed sphingomyelinases (SMases), which hydrolyze the phosphodiester bond of sphingomyelin, yielding ceramide and phosphorylcholine. Ceramide then serves as a second messenger, leading to apoptotic DNA degradation. The main forms of SMases are distinguished by their pH optima [17] [18] [19] [20] . Human and murine acid sphingomyelinase (aSMase; pH optimum 4.5-5.0) have been cloned and determined to be the products of a conserved gene, while Mg 2+ -dependent or -independent neutral SMases (nSMase; pH optimum 7.4) have yet to be molecularly characterized.
Interestingly, membrane nSMase does not gain access to the signaling events activated by the lysosomal aSMase and vice versa, indicating that ceramide action may be determined by the subcellular site of its production.
Hofmann et al. [21] cloned the mammalian brain-specific Mg 2+ -dependent nSMase2 gene, which encodes a 71 kDa, 655-amino acid protein. The N terminus contains two putative transmembrane domains, whereas the C-terminal contains the putative catalytic domain [21] . The role of nSMase2 in sphingomyelin metabolism was demonstrated in vivo using MCF7 cells overexpressing the enzyme. In addition, it was shown that nSMase2 is activated by TNF-α and that it is involved in cell growth and regulation [22] .
Very little is presently known about the regulatory mechanisms of SMases. Also, the exact cellular and molecular mechanism(s) underlying ceramide-mediated apoptosis are still unknown, and thus, the role of ceramide in the pathobiology of disease still needs to be addressed.
Excessive accumulation of reactive oxidants is toxic [23] , and the intracellular level of reactive oxidants is therefore tightly regulated by several antioxidants. Depletion of glutathione (GSH), the most abundant intracellular thiolcontaining small peptide, has been suggested to precede the onset of apoptosis induced by various agents [24] [25] [26] [27] [28] [29] [30] . Moreover, it has also been suggested that depletion of GSH could be an early event in the commitment to apoptosis [24, 31] . However, the mechanism by which depletion of GSH transmits apoptotic signals remains unknown.
Here, we demonstrate that nSMase2 is the specific target in airway epithelial cells that is modulated by oxidative stress to generate ceramide, and is essential for apoptosis induction in these cells when exposed to ROS. nSMase2 preferentially traffics to the plasma membrane under H 2 O 2 exposure. This is where ceramide generation can occur, leading to elevated apoptosis.
Materials and methods

Cell culture and transfections
We are using primary, immortalized (HBE1) or transformed (A549) HAE cells. Of note is that over the years, our data regarding ceramide generation and apoptosis were similar in all these HAE cells [1] [2] [3] [4] [5] 32] . Therefore, we are routinely utilizing either HBE1 cells or A549 cells for most of our experiments and only verify key findings in the primary cells. Culture conditions are identical for both primary and HBE1 cells, which are grown in serum-free medium supplemented with insulin (5 μg/ml), transferrin (5 μg/ml), EGF (5 ng/ml), dexamethasone (0.1 μM), cholera toxin (20 ng/ml), and bovine hypothalamus extract (15 μg/ml) [33, 34] . A549 human lung carcinoma cells were maintained in F-12K (Kaighn's modification) nutrient mixture (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin. Transient transfections using pFLAG-nSMase2 (kindly provided by Yusuf A. Hannun, Medical University of South Carolina, Charleston) were performed using Lipofectamine Transfection Reagent (Invitrogen) according to the manufacturer's protocol. Transfected cells were treated 48 h post-transfection with 250 μM H 2 O 2 or 10 mM GSH. For nSMase2 silencing, HAE cells were transiently transfected using Lipofectamine 2000 Transfection Reagent (Invitrogen) according to the manufacturer's instructions.
Real-time PCR
Real-time PCR was done as described in Khan et al. [35] . The primers for the PCR were located on both sides of the siRNA. Primers for β-actin serve as a control for normalizing of cDNA.
Immunofluorescence and confocal microscopy
A549 cells grown on coverslips were transiently transfected with pFLAG-nSMase2 using Lipofectamine with the PLUS reagent (Invitrogen) according to the manufacturer's protocol. Forty-eight hours post-transfection, cells were exposed to 250 μMH 2 O 2 or 10 mM GSH. Following treatment cells were stained for the raft-localized lipid GM1 with FITCconjugated cholera toxin β-subunit (2 μg/ml, Sigma-Aldrich, St. Louis, MO), for 40 min at room temperature (RT). Then cells were washed with 1 × PBS and fixed with 4% paraformaldehyde, 4% sucrose in PBS for 10 min at RT. Cells were permeabilized for 5 min at RT with PBS containing 0.25% Triton X-100 and blocked in PBS containing 10% BSA at RT for 30 min. The coverslips were then incubated for 1 h in primary Ab (anti-FLAG M2, Sigma-Aldrich), washed three times with PBS for 3 min each, and incubated for 45 min in secondary Ab, Alexa Fluor 594 goat anti-mouse (Molecular Probes, Eugene, OR). Nuclei were stained with 1 μg/ml DAPI (Sigma-Aldrich) for 3 min. After three washes with PBS, the coverslips were mounted onto glass slides using Fluoromount-G (SouthernBiotech, Birmingham, AL). Confocal microscopy at 60× magnification was carried out using an Olympus FV1000 Fluoview confocal laser-scanning microscope. All images are representative of at least 100 cells viewed in each of three separate experiments.
Assays for nSMase activity
The enzyme activity of nSMase was determined as described [18, 20] . For determining nSMase activity, an enzyme preparation (100 μg of protein) in 20 mM Tris-HCl, pH 7.4, was mixed with [ 14 C]sphingomyelin (10 nmol/ 100,000 dpm) in 0.1% Triton X-100 in 100 mM Tris-HCl, pH 7.4, containing 10 mM MgCl 2 , 10mM DTT, 10 nM phosphatidylserine, and 1 mg/ml BSA. The incubation time was 1 h at 37 °C. The reaction was terminated by the addition of 1 ml of chloroform:methanol:HCl (100:100:1) followed by 0.3 ml of 1 N HCl. After phase separation, the upper phase was removed and the radioactivity was determined by liquid scintillation counting.
Apoptosis assessment
Cells were pulsed for 1 h with 250 μM H 2 O 2 . After 24 h, both non-adherent and adherent cells were collected and analyzed using BD ApoAlert kit (BD Biosciences, Palo Alto, CA) as described [3, 4] . The cells that were collected were incubated in binding buffer with annexin V (FITC-conjugated) and propidium iodide (PI) for 15 min at RT to detect for early apoptosis. 
Results nSMase2 is present and functional in lung epithelial cells
We demonstrated that nSMase2, a putative nSMase cloned on the basis of homology with bacterial SMases [21] , is present and is functional in lung epithelial cells. We synthesized three sets of primers that correspond to the 5′-end, middle, and 3′-end of the open-reading frame (ORF) from the cDNA sequence of the putative human nSMase, and performed RT-PCR using RNA extracted from lung epithelial cells (HBE1 or A549) or from lung tissues (monkey or pig) and received the expected size products (Fig. 1A) . Then, using the 5′ and 3′ primers, the PCR product of the expected size (approximately 1.9-kb) was cloned into pT7Blue-3, and its sequence was confirmed to be identical to the previously reported nSMase [21] . Subsequently, nSMase2 cDNA in-frame with the FLAG octapeptide epitope was transiently transfected into HAE cells to verify the functionality of this protein in lung epithelial cells by measuring its activity. As shown (Fig. 1B) cells overexpressing nSMase2 not only demonstrated 6-fold enhanced nSMase activity, but the latter was further augmented (1.5-fold) in response to oxidative stress exposure (1 h treatment of 250 μM H 2 O 2 ). The transiently transfected FLAG-tagged nSMase2 was also detected by Western blotting with anti-FLAG M2 antibody (Ab), resulting in a single protein band of apparent molecular weight of 78 kDa (Fig. 1C) , which was slightly higher than the previously reported size of 71-73 kDa [21, 36] .
nSMase2 is the target modulated by H 2 O 2 to induce apoptosis in HAE cells
We developed siRNA for nSMase2, which allowed us to study the role of the endogenous nSMase2 in HAE cells. These cells were transiently transfected with siRNA that specifically and efficiently knocked down nSMase2 (more than 90% silencing as determined by RT-PCR). Subsequently, the cells were treated with H 2 O 2 . The knocked down cells showed a complete elimination of the H 2 O 2 -inducible activity of nSMase compared to mock-or scrambled siRNA-transfected cells undergoing the same treatment ( Fig. 2A) . In addition, the increase in apoptosis typically seen in HAE cells after treatment with 250 μM H 2 O 2 was entirely eliminated by the specific knockdown of nSMase2 (Fig. 2B) .
nSMase2 activity is modulated by GSH
Our past studies have shown that GSH treatment of HAE cells resulted in a dose-dependent decrease in nSMase activity [3] . Additionally, depletion of intracellular GSH with Lbuthionine-(SR)-sulfoximine (BSO) treatment resulted in a dose-dependent increase in nSMase activity (Fig. 3A) . However, after examining different enzymes in the ceramidegenerating machinery, we were previously unable to identify the specific enzyme that is affected by GSH depletion. Only now we are able to demonstrate that when nSMase2 is knocked down, the modulation of nSMase activity by GSH or BSO is abolished. No changes in the enzyme activity after GSH or BSO treatment could be observed (Fig. 3B) . These results further support our hypothesis that oxidative stress-induced apoptosis is coupled to ceramide generation specifically via nSMase2.
nSMase2 subcellular localization is dictated by oxidative stress
Experiments with HAE cells overexpressing FLAG-tagged nSMase2 showed that exposure to 250 μM H 2 O 2 resulted in the preferential translocation of nSMase2 to the plasma membrane (Fig. 4A) , indicating co-localization with a lipid raft marker (cholera toxin β-subunit). On the other hand, exposure to 10 mM GSH resulted in the translocation and concentration of nSMase2 in the perinuclear area (Fig. 4B ).
Discussion
Although there is little doubt that the ceramide-generating family of enzymes contributes to physiological cell signaling and apoptosis, much of the mechanistic and molecular understanding of these pathways is still missing.
In this study, we aimed to determine the role of nSMase2 in lung epithelial cell apoptosis. We first demonstrated that nSMase2 is present and functional in lung epithelial cells. Using loss-of-function analysis, nSMase2 activity was demonstrated to be required for the cells to undergo oxidative stress-mediated ceramide generation and apoptosis. Both basal and inducible activation of nSMase were impaired when nSMase2 was silenced, suggesting that the H 2 O 2 -induced nSMase activity is modulated by nSMase2. Moreover, it appears that H 2 O 2 -induced apoptosis in HAE cells is totally dependent on nSMase2, since H 2 O 2 enhanced early apoptosis 2.5-fold whereas silencing of nSMase2 blocked this induction.
This study also shows that GSH is inhibiting nSMase2 activity specifically. For example, in the absence of GSH, using BSO, we see an increase in nSMase activity while by adding GSH to the cells we find a decrease in the enzyme activity. After knocking down nSMase2, we cannot find any change in the enzyme activity after depleting or adding GSH. These results support our hypothesis that nSMase2 is the specific nSMase that is modulated by GSH. It is possible that under resting and stable conditions the susceptible nSMase exists as an inactive enzyme due to the presence of ample GSH. Depletion of GSH from cells may then relieve the inhibition by GSH, resulting in activation of the nSMase accompanied by ceramide generation and apoptosis.
We further demonstrated that nSMase2 is trafficking to different cell compartments under oxidative stress or antioxidant treatments. With 250 μM H 2 O 2 treatment we found movement of the enzyme to the plasma membrane, while treatment with 10 mM GSH resulted in its movement to the nucleus. Hofman et al. reported that nSMase2 is localized to the Golgi in rat PC-12 cells [21] while Marchesini et al. found that nSMase2 in MCF7 cells becomes progressively enriched at the plasma membrane as the cells become increasingly confluent [37] . Moreover, Karakashian et al. showed that in Hep G2 cells, nSMase2 localizes to the plasma membrane [36] . Our results suggest that the localization of nSMase2 controls its biological activity and that this trafficking of nSMase2 is modulated by oxidative stress. Trafficking of nSMase2 under oxidative stress may be a mechanism to either activate or inhibit nSMase2-mediated apoptosis. For example, plasma membrane recruitment of nSMase2 may be required for stimulating nSMase2 to generate ceramide, whereas GSH may act via a sequestering mechanism, causing nSMase2 translocation to the nuclear area where it cannot generate ceramide and participate in apoptotic signaling (Fig. 4C ).
Taken together, these studies directly examined the role of the novel nSMase2 in controlling apoptosis in lung epithelial cells. nSMase2 is modulated by glutathione (GSH). (A) HAE cells were treated by either depleting endogenous GSH (with various concentrations of BSO for 24 h) or supplementing with exogenous GSH for 1 h before nSMase activity was measured. (B) HAE cells were transiently transfected with siRNA to nSMase2. Twenty-four hours post-transfection, cells were exposed to 250 μM BSO for 24 h followed by treatment with 250 μM H 2 O 2 for 1 h. Forty-eight hours post-transfection, another set of cells were treated with 10 mM GSH for 1 h followed by treatment with 250 μM H 2 O 2 for 1 h. After H 2 O 2 treatment, nSMase activity was determined. immunostaining. The merged image shows points where the raft-localized lipid GM1 and nSMase2 co-localize. (B) Twenty-four hours post-transfection, the cells were exposed to 10 mM GSH for 2 h. After fixation, cells were incubated with anti-FLAG Ab, followed by staining with Alexa Fluor 594-conjugated secondary antibody and nuclear staining with DAPI. Co-localization analysis was performed by confocal microscopy. (C) nSMase2 subcellular localization is modulated by oxidative stress. Under exposure to H 2 O 2 , nSMase2 traffics to the plasma membrane whereas upon exposure to GSH it translocates to the perinuclear area.
